Aim We explored the relationships among rainfall, fire and tree population dynamics during the twentieth century. Relationships were analysed on seasonal, interannual and multiannual time scales.
INTRODUCTION
Fire is often an important factor controlling the dynamics between forest and non-forest ecotones (Bond & van Wilgen, 1996) . Climatic variation is expected to influence the position of these ecotones through more or less direct effects on both species' performances and competitive hierarchies (Stevens & Fox, 1991; Korner, 1996) , and also through alteration of fire regimes (Gardner et al. , 1996) . In the context of global climate change, possibly caused by humans, it is important to understand the roles of decades-long climatic trends vs. interannual climatic variability in controlling forest and non-forest ecotones. On a multidecadal time scale, explanations of regional trends in grassland and woodland ecotones are often confounded by approximately synchronous changes in atmospheric gases, climate and land use, especially livestock raising and fire management (Archer et al. , 1995) . By focusing on annual to 5-year time scales, it is sometimes feasible to reveal causal mechanisms or at least to establish a contributory role of climatic variation in these vegetation changes .
Fire regimes are influenced both by climatic factors that control fuel conditions and by humans, who in some ecosystems may be important sources of ignition (Flannigan & Wotton, 1991; Renkin & Despain, 1992; Turner & Romme, 1994; Bond & van Wilgen, 1996) . Water balance regulates vegetation productivity and hence the quantity and spatial configuration of fuels. However, influences of moisture availability vary across ecosystem types and temporal scales. In mesic forests, fires are typically more frequent during dry periods lasting from less than a year to several decades (e.g. Clark, 1990; Bessie & Johnson, 1991; Swetnam, 1993; Vázquez & Moreno, 1995; Uhl, 1998; Veblen et al. , 1999) . In contrast, in relatively dry woodlands, where fires may be limited by lack of fine fuels, fire occurrence often increases 1 or a few years after years of above-average moisture availability (e.g. Biasan & Swetnam, 1991; Swetnam & Betancourt, 1992; Kitzberger, Veblen & Villalba, 1997; Veblen et al. , 1999) .
In general, grasslands and shrublands occur under more xeric conditions than forests (Woodward, 1987) . In some temperate ecosystems, trees invade grasslands under conditions of increasing moisture availability (e.g. Grimm, 1984; . Additionally, in many temperate ecosystems fire exclusion coincides with periods of expansion of forests into grasslands and open woodlands (Parsons & De Benedetti, 1979; Veblen & Lorenz, 1988; Cole & Taylor, 1995) . Similarly, studies in tropical ecosystems (usually based on fire-exclusion experiments) have documented that fire limits forest distribution by periodically eliminating trees and producing soil changes favourable to grasslands and shrublands (e.g. Scott, 1977; Stott, 1988; Medina & Silva, 1990; Luger & Moll, 1992; Cavelier et al. , 1998) . This paradigm of fire-controlled ecotones has been often applied to upper montane neotropical ecosystems, where fire is frequently cited as a factor lowering upper treelines and increasing the percentage of non-forest vegetation in below-treeline vegetation zones (e.g. Ellenberg, 1979; Laegard, 1992; Young, 1993; Kessler, 1995) .
Despite the probable restriction of trees due to burning of some neotropical, high-elevation ecosystems, for northwestern Argentina we considered the hypothesis that burning may facilitate tree invasion into high-elevation non-arboreal vegetation. This hypothesis is supported by modelling studies that show that increased burning may accelerate invasions by tree species better adapted to the new climatic conditions, by removing inhibitory and competitive influences of the preexisting plant community (Overpeck et al. , 1990; Neilson, 1993; Suffling, 1995) . Empirical studies also show that under particular fire frequencies, invasion of grasslands by fireresistant trees is possible (Rebertus, Williamson & Mosser, 1989; Crow, Johnson & Adkisson, 1994; Richardson, Williams & Hobbs, 1994) . In contrast to temperate latitudes, where there are numerous tree-ring-based studies that can potentially elucidate the relationships between interannual climatic variability and fire and tree population dynamics (Szeicz & MacDonald, 1995; Larsen, 1996; , in the neotropics retrospective studies of these relationships are restricted by the scarcity of tree species that form distinct annual rings. However, the montane forests of north-west Argentina contain several tree species that form annual rings and potentially could be used to study the role of interannual climatic variability in changes in fire regimes and tree population dynamics (Villalba, 1995) . For example, in the upper montane ecosystems of NW Argentina, Alnus acuminata (alder, aliso ) is the dominant tree species in the elevational belt from 1700 to 2700 m and forms annual rings (Sidan & Grau, 1998) .
We examined the hypothesis that in north-western Argentina climatically induced changes in fire regimes may facilitate the invasion of grasslands by Alnus . This hypothesis was derived from three observations: (1) photographic comparisons show an expansion of Alnus into high-elevation grasslands and shrublands during the second half of the twentieth century (Grau, 1985) ; (2) this time period is also characterized by a marked increase in mean annual precipitation (Minetti & Vargas, 1997) ; and (3) inspection of recently burnt sites indicated that Alnus is both resistant to fire due to its relatively thick bark and recovers quickly after burning by resprouting from the base of the trunk and through new seedling establishment. Thus, in this study we examine relationships of both fire occurrence and age structures of Alnus to rainfall variability on annual to multiannual time scales to assess whether fire favours or limits forest expansion into grassland.
METHODS

Study sites
Study sites are located in the upper montane forests of Tucumán province, north-west Argentina (26 ° 20 ′ to 27 ° 30 ′ latitude south), and between 1700 and 2300 m elevation (Fig. 1) . These forests are part of the ' Yungas ' biogeographical province which is the southernmost extension of the Andean Neotropical Montane Forests (Cabrera & Willink, 1980 (Giusti, Slanis & Aceñolaza, 1997) . The relative cover of forest is larger on south-facing slopes, whereas grasslands are more abundant on north-facing slopes (Bell, 1991) . According to historical photographs, in the area below 2700 m of elevation, Alnus has expanded into grasslands and shrublands during the second half of the twentieth century (Grau, 1985) . Alnus acuminata is a deciduous, nitrogen-fixing tree species distributed from southern Mexico to north-west Argentina where it dominates the forests between 1700 and 2700 m (upper timberline). Alnus acuminata is a light-demanding pioneer species, and in the neotropical Andes north of Argentina, it is generally restricted to recently disturbed sites (Grau, 1985) . Chronosequence studies near the lower limit of the upper montane forest (1600-1900 m), suggest that Alnus invasion of grasslands may be only the first stage of a successional process leading towards more diverse, partly evergreen forests (Arturi et al. , 1998) .
The dominant disturbances in these ecosystems are fire and grazing. Fire occurs almost exclusively during the dry-season (May-November, Fig. 2 ). Although there is no quantitative description of ignition sources, fire is assumed to be mostly ignited by humans as a practice to improve forage quality. Interviews with local residents suggest that lightning may only ignite a small number of fires, restricted to the end of the fire season (October-November) when the first convective storms occur. For example, in the records of Parque Nacional El Rey (unpublished report), all six fires recorded in the upper montane forest between 1975 and 1995 occurred between June and October and were attributed to human ignition. The study area is used extensively for cattle and sheep grazing (Molinillo & Vides-Almonacid, 1989; Bolsi, 1997) .
Precipitation in the area is characterized by a monsoonal regime (Fig. 2) , with rainfall concentrated in the summer and early autumn months (November-April). Water deficit occurs from the end of autumn until mid-spring (Torres-Bruchmann, 1979) . In addition to rainfall, fog interception adds substantial moisture to vegetation and soil, particularly during the dry months (Hunzinger, 1997) . Annual precipitation varies according to topographical characteristics (Bianchi & Yañez, 1992) . In north-west Argentina (based on the San Miguel de Tucumán record), precipitation has increased since 1930, including an abrupt increase of 25-30% since 1956 (Minetti & Vargas, 1997) . San Miguel de Tucumán has the longest rainfall instrumental record in the region (since 1884) and, although at lower elevation, it is located close to the centre of the study area and is representative of rainfall patterns through the region. According to the San Miguel de Tucumán record and dendrochronological rainfall reconstructions (Villalba et al. , 1998) , decadal-scale rainfall since 1956 has been higher than any time in the last 200 years.
Fire history and age structure were described at five sites, that varied in terms of moisture availability, as inferred from site elevation and topographical position: La Banderita (wettest), Quebrada del Portugués, Hualinchay North, Los Sosa and Hualinchay South (driest) (Fig. 1, Table 1 ; Bianchi & Yañez, 1992) . The Los Sosa site appeared to be most intensively grazed, with many active puestos (livestock stations) and abundant sheep. The other sites were grazed mostly by cattle, and grazing intensity appeared to be lower. Forest cover increased from drier to wetter sites, and at La Banderita, most of the landscape was cover by Alnus forests. 
Field methods
At each of the five study sites, four to eight fire-scar surveys were conducted in order to develop fire chronologies on a landscape scale. Each fire-scar survey consisted of 3 to 6 h of searching to locate three to 11 fire-scarred trees. Wedges were extracted from single-and multiple-scarred trees using a chainsaw following procedures described in Arno & Sneck (1977) . Each wedge may record more than one fire date and different wedges may record the same fire event. The total number of extracted wedges and fire dates recorded are summarized in Table 1 .
At each of the five sites, 76-133 individuals of Alnus acuminata were sampled with increment borers to describe the age structure on a landscape-scale (Table 1 ). The minimum size of cored trees was 2 m tall ( c . 2 cm in diameter at breast height, d.b.h.), and distance between sampled trees was at least 50 m. At each fire-scar location, the two closest individuals in different directions were cored. Additionally, in order to obtain a representative sample on a landscape scale, cores were taken from individuals located in areas without fire scars, so that (depending on forest density) an evenly distributed sample of trees covered an area of 200 -600 ha. The sampled trees were single-stemmed, which suggests they grew from seed and not by sprouting. Trees were cored within 20 cm of the ground. Alnus acuminata has a rapid initial growth. By dating cross-sections of 12 seedlings in different sites, we determined that the average height of a 1-year-old seedling was 42 cm (minimum 18 cm). Therefore, ages determined on cores taken within 20 cm of the soil surface are within 1 year of the date of germination.
At the La Banderita site, where repeated fires occurred since the mid-1980s, post-fire regeneration was sampled with three plots of 3 -5 ha each, in order to explore the relationship between fire events and tree demography (recent stands in Table 1 ). All individuals (seed-originated and crown resprouts) were cored (56 -80 cores per site), and at least eight fire-scar samples were taken around each recent stand plot. Seedlings and saplings (seed originated) could be differentiated from crown resprouts because resprouts are characterized by multiple stems and expanded bases (Bond & van Wilgen, 1996) . Additionally, in each of the five study sites, we cored trees in two to five plots of 0.1-0.5 ha, and we sampled two to four fire scars surrounding each one of these plots (old stands in Table 1 ).
To explore the relationship between tree mortality due to fire and tree size, at La Banderita site, tree mortality was sampled in a recently burnt plot of c . 2 ha. Ninety trees of different sizes ranging from 1 to 40 cm diameter were measured and tagged on July 1996 (1 day after the fire), and resampled in September 1997. Trees were recorded as surviving the fire if in September 1997 they had living terminal buds or root-crown resprouts.
Sample processing
Both tree cores and wedges were processed following standard dendroecological procedures (Stokes & Smiley, 1968) . Fire and establishment dates were assigned to the calendar year including the fire season (May-November) and germination season of Alnus (August-December). When the incrementborer sample did not hit the pith, the establishment date was determined following geometrical procedures based on the curvature and width of the innermost rings (Duncan, 1989) . Initial radial growth was in general very rapid (3 -10 mm / year), which reduces the error due to geometric estimation.
Fire scars were dated by counting annual rings backwards from the outermost ring (Arno & Sneck, 1977) which corresponds to the sampling date since all wedges were taken from living trees. In order to assess the reliability of the method, fire dates of four samples were field-checked in two burnt sites visible in 1986 and 1989 Landsat TM images (Grau, 1999) . In all cases, agreement was perfect. Alnus has distinct wide rings and a very low incidence of missing or false rings (Sidan & Grau, 1998) . However, for 14 samples with ring-width series that were long enough to permit cross-dating (that is longer than c . 40 years) and where decay made determination of the date of some rings difficult, we visually cross-dated (Stokes & Smiley, 1968) samples by comparing ring-width patterns with nearby collected tree-ring chronologies of Alnus .
Data analysis
Fire-climate relationships were explored on three temporal scales: seasonal, annual and multiannual (5-year periods). For the seasonal-scale analysis, we used de Martonne's (1926) index of water balance. This index was chosen because it only requires monthly data of rainfall and temperature, and the computation has no specific assumptions about soil characteristics Table 1 Environmental characteristics and sampling design in the five study sites. Humidity categories are based on both topography-inferred rainfall (Bianchi & Yañez, 1992) and vegetation, which varied across the study area. On the annual and 5-year time scales, we used rainfall alone because the temperature record from San Miguel de Tucumán is incomplete in several years before 1936. We analysed the relationship between fire and seasonal patterns of moisture availability for the period 1940 -80 using partial correlation analysis (ter Braak, 1987a) to control for serial autocorrelation. This period was selected for two reasons: (1) it has a complete record of both temperature and precipitation, which allows calculation of indices of water balance; and (2) it is characterized by a gradual increase in both sample size and number of recorded fire scars. In contrast, following 1980 there is an abrupt increase in the number of fire scars (see Results). Thus, for the 1940 -80 period, it was possible to examine the relationship between fire and climatic variables while adjusting for the linear trends in sample size by using partial linear regression analysis. For each month between January 1940 and December 1980, we computed the De Martonne's (1926) aridity index by using the formula 1.2 × P/ (T + 10), where P is monthly precipitation in mm and T is the monthly average temperature in ° C. Partial correlation coefficients were computed between the number of fire scars and the aridity index of each one of the 26 months between September of the year t -2 and October of the year of the fire event ( t ). This period includes two complete growing seasons and one dry season prior to the fire event, and the complete fire (dry) season of the fire event. Partial correlations (performed with SPSS 6.1; Chicago, Illinois, USA) were controlled for the calendar year of the event; Pearson's correlation coefficients are based on the residuals of linear regression between calendar year and number of fire scars. The same analysis was performed for the entire dataset (regional) and for the sites, grouped into wet, intermediate or dry sites (see Table 1 ).
Fire-climate relationships on an interannual scale were analysed using superposed epoch analysis (SEA) performed using the program FHX2 (Grissino-Mayer, 1995) . In SEA, the statistical association between discrete events and climatic variables are analysed by randomizing the location of windows of a given number of years along a time series. In this case, mean values of rainfall parameters were calculated for 8-year windows from 5 years before to 2 years after the fire event. Mean values of the fire are compared with the complete record by means of Monte Carlo simulations that randomly select years, calculate expected means and provide confidence intervals for the departures from the mean. In each case, the number of randomly selected years equals the number of actual fire years. Composite fire chronologies of the Hualinchay North, Hualinchay South, Los Sosa and Quebrada del Portugués sites included as fire years those years when at least 10% of the sampled trees recorded fire. Since the La Banderita site had a larger sample size (and more fire dates), its composite chronology was filtered to include only years with more than 20% of trees scarred and at least two scarred trees. The regional chronology consisted of years in which at least three of the five sites recorded fire. Superposed epoch analysis was run for these six chronologies using two variables: annual precipitation and dry-season (May-October) precipitation of each year from 1900 to 1995.
To visually compare rainfall variability and peaks in fire activity, we graphed the 5-year moving standard deviation of annual rainfall and the 5-year sum of fire dates. The 5-year moving windows showed a quasicyclic oscillation in both fire frequency and standard deviation with cycles of c . 5-years (see Results). To assess the relationship between peaks in fire activity and climate on a multiannual temporal scale, all fire dates of the five study sites were grouped into 5-year periods from 1936 to 1995. The 12, 5-year periods were classified into periods of high vs. low fire frequency by comparing the number of fire dates recorded within each 5-year period with the 5-year mean of the 15 years' window centred on that 5-year period (i.e. comparison with the previous and following 5-year period). This procedure removes most of the bias associated with the long-term trend of disappearing evidence of fires due to mortality of fire-recorder trees (Fox, 1989) .
Using the fire frequency classification (high and low) as the dependent variable, we further examined relationships between fire and rainfall variability by means of discriminant function analysis (DFA) (Gardiner, 1997) . Separate analyses were run for different independent variables: (1) 5-year mean growingseason rainfall (November-April), 5-year mean winter (MayOctober) rainfall and 5-year standard deviation (SD); and (2) the same mean rainfalls but with the 5-year coefficient of variation (CV) instead of SD. Although SD and CV are highly correlated variables, the CV is not correlated with mean values and therefore would be a better variable to explore the relationship between rainfall variability and fire, independently of rainfall trends and averages. DFA uses a least squares approach to produce the function of the variables which best predict group classification (high vs. low fire frequency in this analysis). Each independent variable has a discriminant function coefficient that can be interpreted as the standardized load of the variable in the discriminant function equation. The significance of the analysis is tested by running a regression between the independent variables and the discriminant function equation, and by a Chi-squared test that compares the group classification produced by the DFA with the classifications expected by chance. The assumptions of normality and non-collinearity among the independent variables were met. Mean winter rainfall and growing-season rainfall had regression coefficients of < 10% with SD. The coefficient of variation was almost orthogonal to growing-season rainfall and winter rainfall. Growing-season and annual rainfall were highly correlated but growing-season rainfall has a lower correlation with the other independent variables (particularly winter rainfall), and therefore it was preferred in this analysis.
Landscape-scale age structure is presented as frequency distributions in 5-year age classes for each study site and for the entire region by summing the data from of all five sample areas. Principal component analysis (PCA; ter Braak, 1987b) was used to assess the relationship between rainfall variables and age structure. Because the longevity of Alnus rarely exceeds 100 years (Sidan & Grau, 1998) , and mortality is relatively high in 20 -50 year-old stands (2 -5% per year; H. Grau, unpublished data), the expected age structure is one of declining numbers of trees in young to older age classes. Consequently, an expected pattern of positive correlation between tree abundance and calendar year needs to be considered in interpreting the PCA results. Principal component analysis produces orthogonal axes with successively lower explained variance. Since age structure of Alnus is studied for a period similar to the life span of the species, the first axis (PC 1) should be related to the survivorship curve (decreasing number of individuals with age). As the main trend (due to mortality) is removed, successive axes (PC 2 and PC 3) should reflect covariation in tree establishment in the different sites because age structure reflects combined influences of past variations in both mortality and establishment of trees (Veblen, 1992) . Following this reasoning, we explored the relationship of rainfall variables with the different principal components in 19 5-year periods between 1900 and 1994 in the five study sites. Principal component analysis based on the variance/ covariance matrix was performed with PC-Ord 3.0 (Gleneden Beach, Oregon, USA). The scores of each 5-year period in the PCA axes were independently regressed against the values of mean annual rainfall, mean spring rainfall (August-December) and SD of the mean annual rainfall. The relationship with spring rainfall was tested since Alnus acuminata seeds between June and August and spring rainfall could potentially have a significant influence on germination and early seedling survival.
For the three recent plots and for the 18 old plots, age structure is presented with annual resolution together with fire dates. For the interpretation of mortality patterns in the recently burnt plot at La Banderita, we classified trees according to stem diameter, and determined mean time for 10 trees to reach c . 4 and 7 cm d.b.h., based on increment borer samples taken in the site.
RESULTS
Fire-rainfall relationships
Correlations between number of fire scars and monthly aridity index for the period 1940 -80 shows a distinct pattern in the sites with different humidity (Fig. 3) . At the drier sites, fire is positively correlated with high humidity during the growing season 2 years prior to the fire season ( January of GS-1 in Fig. 3c ). In contrast, at the wet site fire is negatively correlated with June-July moisture availability 1 year before the fire season, and is positively, but weakly, correlated with high moisture availability at the beginning of the growing season of the fire year (Fig. 3a) . Intermediate-humidity sites (Fig. 3b) , and the regional analysis (Fig. 3d) show a combination of both patterns with fire being positively correlated with precipitation during October-November (GS) and January-February (GS-1) of the previous year. For the 5 months immediately preceding the fire season ( January-May of GS), there is a trend towards negative correlations between fire and precipitation, which is strongest at the wettest site (Fig. 3a) .
Over the period 1900 -96, SEA showed that except for one of the driest sites (Los Sosa), annual rainfall of the year preceding fire years is above average at all study sites (Fig. 4) . The SEA for the regional fire chronology based on years of widespread fire (fires recorded in at least three of the five sites) also shows the same pattern of highly significant above-average rainfall in the year prior to the fire event (Fig. 4f) . Two sites (Hualinchay South and La Banderita) also show statistically significant above-average rainfall 3-5 years prior to the fire events (Fig. 4a,d) . At Los Sosa, the relationship between fire and rainfall was weaker, and showed no statistically significant departures in any year (Fig. 4c) . Relationships with dryseason rainfall (May-October) were not statistically significant. However, there was a consistent pattern of below-average winter rainfall during the fire year in four of the five sites.
Peaks in fire activity and annual rainfall SD generally coincided since 1930 (Fig. 5) . Six periods of comparatively high fire activity are visible in Fig. 5(b) , each one lasting for a period of 4 -6 years. Four peaks in fire activity 1937 -40, 1947 -54, 1966 -70 and 1986 -90 , roughly coincided with peaks in annual rainfall SD. The period 1976 -79 with slightly high rainfall variability also coincides with the relatively less marked peak in fire frequency during this period.
The discriminant functions derived from the DFA (Table 2) showed high positive correlations ( r 2 > 75%) with CV and SD of annual rainfall. The correlation was higher for CV than for SD. Mean values of CV and SD in periods of high fire frequency were about 70% higher than in periods of low fire frequency. Five-year averages for growing-season rainfall and for winter rainfall showed little or no correlation with the discriminant functions. They were, on average, very similar during periods of high and low fire frequency. Despite the relatively low number of degrees of freedom, the discriminant functions were significant on the 0.1 probability level, and they were able to predict the fire density class in nine of the 12 cases (Table 2) .
Rainfall-age structure relationships on landscape and regional scales
The regional scale age structure showed peaks in age distribution in the 1915 -30, 1950s and 1960s, and 1985 -89 periods. The 5-year intervals 1915 -19, 1930 -34 and 1985 showed consistently high recruitment across sites, and therefore these peaks are evident in the regional age structure (Fig. 6) . These three periods are characterized by relatively high annual rainfall and also by high rainfall variability (Fig. 5) . The regional peak in recruitment occurring in the 1950s and 1960s is the result of different patterns that seem related to site moisture. Recruitment peaked in the 1960s in the dry and intermediate sites (Fig. 6a-d ) and in the 1950s in the wet La Banderita site (Fig. 6e) . This is, after and before the major step-wise increase in rainfall occurred in 1956 (Fig. 5a) . The interval 1975 -79, however, showed low recruitment in all sites, despite its high rainfall and rainfall variability.
In the PCA based on the number of trees in 5-year classes in the five study sites (Table 3) , the first three principal components (axes) explained 96% of the total variance (59.9, 21.1 and 14.8%, respectively). As expected, the first axis was strongly correlated to calendar year ( r = 0.6), and both the strength and statistical significance of this relationship decreased in the second and third axes. Of the rainfall variables analysed, SD of the 5-year rainfall was the only variable having correlations higher than 0.2 with the PC axes. The SD showed increasing correlations with the second and third axes (as the correlation between calendar year and PC axes decreased) and the correlation with the third axis was significant at a 0.07 probability level ( r = 0.42). The correlation between SD and the second and third axes cannot be interpreted as a spurious relationship because SD is essentially not correlated with year, annual rainfall or spring rainfall. The correlations between annual rainfall and the principal components were low. Mean spring rainfall was correlated to annual rainfall and it was also uncorrelated with the PC axes.
Stand-scale, fire -demography relationships
In the stand-scale 'recent plots' at La Banderita site, Alnus acuminata showed vigorous recruitment during the 3 -4 years following the 1989, 1991 and 1993 fires (Fig. 7) , as a result of both seedling establishment and root-crown resprouting from previously established trees. Resprouting occurred even when the sites had been burnt repeatedly in intervals of only 2 -4 years between fires. The assessment of the recently burnt site ( Fig. 8) showed that about 40% of recently established individuals were able to resprout after fire. Some trees older than 10 years, and most stems older than 20 years survived the fire.
In the analysis of the older plots (Fig. 9) , sites affected by repeated fires show different patterns of age structure in relation to fire dates. In some cases, fire dates are followed by intensification in recruitment (e.g. sites LB27 -1978 , LB31 -1946 , LB32 -1987 , QP25 -1964 , QP310 -1960 , HS69 -1964 . In all the plots, there were trees that established prior to the fires and survived the fire event, even when fires occurred within a few years after the establishment date. For example, in plots LB28, LB31, LB32, QP25, QP310, LS15 and HN7 several trees established within 5 -8 years prior to a fire.
DISCUSSION
Fire-climate relationships
The three time scales of analysis of fire-climate relationships showed that rainfall variability influences fire regime. The seasonal analysis of the fire -aridity index relationship (Fig. 3) showed that fires are correlated with above-average moisture availability during the previous year, although the seasonality Table 2 Discriminant function analysis of periods of high and low frequency of fire scars based on growing-season rainfall (GS rainfall), winter rainfall, and (A) coefficient of variation (CV%) and (B) standard deviation (SD). r = Pearson's correlation coefficient between the variables and the discriminant function. DF coefficient = standardized discriminant function coefficient of each discriminating variable. Mean = mean value of each independent variable in the high (H) and low (L) fire density classes. of this pattern varies according to the site. Consistently, the SEA of fire-rainfall relationships on interannual scales (Fig. 4) showed that fires were associated with above-average rainfall during the year prior to fire in four of the five sites and in the regional chronology. The relationship with above-average moisture availability during years prior to fire is characteristic of relatively dry ecosystems where quantity of fine fuels appears to limit fire (e.g. Biasan & Swetnam, 1991; Swetnam & Betancourt, 1992; Kitzberger et al. , 1997; Veblen et al. , 1999) . The site with highest grazing pressure (Los Sosa) showed the weakest relationship between fire and climate. This may be due to fuel reduction by grazing which can limit climatic influences on fire regime.
In the intermediate humidity and dry sites, fires did not show clear relationships with the fire-season humidity, suggesting that in general, winters are dry enough to carry fire. Another possible interpretation is that monthly rainfall is not a good predictor of fuel moisture. Instead, days without rain may be a better predictor (Rothermel, 1983) . Furthermore, Hunzinger (1997) showed in this study area that fog interception can be as great as the measured winter rainfall, and is probably an important influence on vegetation moisture. However, records of fog for multiannual periods are not available.
Patterns of fire frequency since 1930 showed oscillations at periods of about 5 years (Fig. 5b) . The results of the DFA indicate that on a 5-year scale, rainfall variability is more important than rainfall averages in controlling fire. Coefficient of variation, the measure of rainfall variability least related to annual rainfall, has the strongest association with fire frequency in the discriminant function (Table 2 ). Despite the relatively low power of the test, the relationship between fire and rainfall variability was significant at P < 0.1 levels. Due to several methodological limitations, this study did not assess the long-term trend in fire regime through the twentieth century and its relationship with century-scale rainfall trends. However, there is no obvious pattern of increased or decreased fire activity following the 1956 increase in rainfall (Fig. 5) . This again suggests that multiannual to decadal patterns in fire are less influenced by long-term rainfall trends than by interannual rainfall variability.
Most previous studies of fire-climate relationships have been conducted in environments where the growing season (summer) is also the fire season (e.g. Clark, 1990; Bessie & Johnson, 1991; Biasan & Swetnam, 1991; Swetnam & Betancourt, 1992; Swetnam, 1993; Vazquez & Moreno, 1995; Kitzberger et al. , 1997; Veblen et al. , 1999) or in low-latitude wet areas where seasonality has a minor influence on fire compared with interannual variability (Leighton & Wirawan, 1986; Brenner, 1991; Hammond & ter Steege, 1998) . This study explored fire -climate relationships in a subtropical monsoonal regime with fires occurring during the dry winter. Despite the differences in seasonal patterns of precipitation, all these studies coincide in showing the importance of interannual rainfall variability as a main influence on fire regime.
Regional patterns in tree age structure and fire -tree demography relationships
The analysis of age structure of Alnus on a landscape scale (Fig. 6) showed some peaks in establishment that roughly coincide with periods or high rainfall variability and relatively high mean annual rainfall (e.g. 1915 -19, 1930 -44 and 1985-89) . However, other peaks in recruitment are not clearly related to rainfall average or rainfall variability (e.g. the period 1950 -70), and the period with relatively high rainfall and rainfall variability (1975 -79 ) is characterized by low recruitment. Despite these inconsistencies, correlations of different rainfall variables with the second and third axes of the PCA based on the age structure, suggest that recruitment peaks of Alnus on a regional scale are also more related to rainfall variability than to averages in annual, summer or spring rainfall (Table 3) . The drier sites show a peak in recruitment following the abrupt 1956 rainfall increase (Fig. 6) , which may be interpreted as a consequence of the rainfall increase in sites where water availability is a limiting factor. In contrast, at the wettest site (La Banderita) high recruitment occurred since the early 1950s. Alnus acuminata is a light-demanding species. Therefore, the reduced recruitment during the 1960s at La Banderita site might be attributed to the fact that most of the landscape was already covered by forest, reducing the opportunities for regeneration due to lack of open canopy conditions. The generally low recruitment during the late 1970s period (characterized by high rainfall and rainfall variability) may also partially reflect the fact that many sites suitable for tree establishment were covered by trees established during the previous decades. Intermediate rainfall sites show a peak in recruitment in the late 1930s, that is less visible in the other sites. It is possible that rainfall variability increased establishment in both the mesic and wet sites, but this is not evident at La Banderita, due to the low sample depth.
The stand-scale description of establishment and mortality provides useful information to relate rainfall variability, fire and tree establishment at the wet site. In the three 'recent plots' (Fig. 7) , fire seems to favour tree establishment. Peaks of establishment occurred during the first 3 -4 years after the fire, but ceased before a closed canopy had developed and produced intraspecific competition for light. Fire seems to increase tree establishment by reducing competition with grasses and shrubs, which is a major limiting factor for tree recruitment in most forest-grassland ecotones (Stevens & Fox, 1991; Scholes & Archer, 1997) . Rainfall and disturbance may have similar effects in reducing grass competition. Ecophysiological studies (e.g. Medina & Silva, 1990; Davis, Wrage & Reich, 1998) have shown that in conditions similar to grassland-forest ecotones in savanna-like landscapes, increased moisture availability reduces competition between grasses and tree seedlings. The age structure of Alnus in the different study sites (Fig. 6 ) probably reflects the combined effect of fire and rainfall increase. At the wettest site, where water is not a limiting factor, tree recruitment appears to be independent of increases in rainfall. At drier sites, increases in rainfall appear to favour forest expansion into grasslands. The recent stands (Fig. 7) showed that Alnus can resprout and vigorously establish after successive fires. Assessment of mortality in a recent fire (Fig. 8 ) and old plots (Fig. 9 ) also showed that Alnus can survive fires through resprouts and that stems become resistant to fire after 5 -20 years. Under the range of fire frequencies documented in this study, fire appears to favour tree invasion into grasslands, as has been observed in other woody species that invade grasslands under conditions of intermediate fire frequency (Grimm, 1984; Rebertus et al. , 1989; Crow et al., 1994; Richardson et al., 1994) . However, under higher fire frequencies that prevent Alnus seedlings from reaching fire-resistant sizes, fire would be expected to prevent forest expansion into grasslands, as has been documented in other ecosystems (Parsons & De Benedetti, 1979; Grimm, 1984; Veblen & Lorenz, 1988; Cole & Taylor, 1995; Scholes & Archer, 1997) .
CONCLUSIONS
Previous studies suggest that forest distribution in the highelevation tropical Andes is limited by recurrent fires (e.g. Ellenberg, 1979; Laegard, 1992; Young, 1993; Kessler, 1995;  Cavelier et al., 1998) . Our results emphasize that the generality of such conclusions depends on the plant communities involved, climatic seasonality and patterns of interannual variability. When tree species are able to resist fire at a young age (as is the case for Alnus) and when tree distribution is limited by competition with non-forest vegetation, a certain fire frequency may enhance tree invasion into grasslands and shrublands. Rainfall variability also plays an important role in controlling fire regimes and their significance to tree invasions into grasslands. In this study, periods of greater interannual fluctuations in rainfall result in alternations of wet and dry years which, in turn, favour fire through increased fuel production followed by fuel desiccation, and perhaps reduced competition from grasses. When followed by a wet period, tree seedling survival may be enhanced.
According to simulations of general circulation models (GCMs) of greenhouse gas-induced climatic change, average values of temperature and rainfall are expected to be less affected in the tropics than at high latitudes. On the other hand, some GCMs predict higher increases in high-frequency climatic variability and extremes in the tropics than in temperate regions (Kattemberg et al., 1995) . Our study implies that in addition to trends in multiyear average conditions, changes in high-frequency climatic variability can have profound effects on ecosystems, particularly when fire mediates the relationship between climate and vegetation. 
